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We study the response of exciton complexes in semiconductor quantum rings to vertical electric fields, using 
path integral quantum Monte Carlo simulations. The interaction of a vertical applied field and the piezo- 
electric fields of the ring with strongly-correlated excitonic complexes switches excitons between two different 
lateral locations within the ring . This control should be observable through polarizability and dipole mea- 
surements, and, for biexcitons, an energy shift beyond the normal Stark shift. 
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Semiconductor nanostructures allow for the tailoring 
of their optical and electronic properties by manipulation 
of their size, shape, and composition profile. A widely- 
studied class of nanostructures are InGaAs/GaAs self- 
assembled quantum dots, which have found a wide range 
of applications from single photon sources to quantum 
information processing^ Beyond such passive tailoring 
of properties during growth, active control of nanostruc- 
ture properties through external fields, especially switch- 
ing behavior, is highly desirable. 

Under proper annealing conditions, quantum dots un- 
dergo a significant migration of In outwards from the 
center of the dot, forming a ring-shaped nanostructure 
with a crater at the center 4~— Previous theoretical and 
experimental work has show that quantum rings behave 
differently from their quantum dot cousins ^~— with dis- 
tinct but equally rich electronic and optical properties. 
These unique properties stem from the GaAs barrier ma- 
terial at the ring's core, which significantly modifies the 
confinement potential and — at the heart of the phenom- 
ena we report here — creates a strain profile that is unique 
to rings. An important difference that has been pre- 
viously identified is the distribution of the piezoelectric 
field, which is seen to play a much more important role 
in rings than in dotsJ^ Unlike in dots, where the ma- 
jority of the piezoelectric potential sits outside the elec- 
trically active part of the structure — leaving the electron 
and hole ground states mostly unaffected — the strained 
central core of GaAs material in a quantum ring induces 
large piezoelectric potentials within the confining struc- 
ture itself. These piezoelectric fields break the rotational 
symmetry of the ring, vertically separate the electron and 
hole, and induce localization. 

We theoretically investigate quantum rings and pre- 
dict that the interplay of piezoelectric and strain effects 
with electron- hole Coulomb interactions, will enable a 
lateral switching of the probability distribution of the 
exciton when a vertical electric field is applied. As illus- 
trated in Fig. dja), the exciton distribution in the ring 
can rotate 90°. Such two-state behavior resembles a pair 



of electrons in quantum dot cellular automata (QCA) 
cell, 15 and we address connections to QCA later in the 
discussion. Further we show that this switching should 
be experimentally observable by a change in the lateral 
polarizability. 

Method — Based on the XTEM image of a quantum ring 
observed by Lin et al, 16 we construct a model ring that 
is 6 nm at its maximum height with an inner radius 5 
nm and outer radius 20 nm, made from a 50% (In,Ga)As 
random alloy, sitting upon a thin 30% In wetting layer. 
We carried all simulations at a temperature of 10 K. 

We use a two band effective mass model Hamilto- 
nian with conduction and valence bands derived from 
the strain profile of an atomistic model of the nanostruc- 
ture using the valence force field method^ To simplify 
our analysis and presentation, we created eight atomistic 
models of the same ring, with different realizations of 
the random alloy, and present the average of these eight 
rings, with ideal C2 V symmetry imposed. The piezoelec- 
tric potential is computed from the strain field and are 
included to second order following the work of Bester 
et ali£ and others j 19 i 20 Path integral quantum Monte 
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FIG. 1. (Color online) (a) Hole density for two different 
localizations of excitons. (b) Illustration of negative (blue) 
and positive (red) piezoelectric potential superimposed upon 
the structure of our model ring. Each lobe is represented by 
two isosurfaces of ±38 meV and ±54 meV. 



Carlo 17 i 21 i 22 is then used to solve the system for exctions 
and biexcitons. This method properly treats quantum 
correlation — which is crucial for proper description of ex- 
citons in rings — at realistic finite temperatures with arbi- 
trary three-dimensional confining potentials. We obtain 
polarizabilites from path integral quantum Monte Carlo 
using linear response theory. 

Piezoelectric fields and switching behavior — As can be 
seen in Fig. [TJ the ring is sectioned into quarters by the 
piezoelectric field, which has C2 V symmetry. Fig. QJb) 
clearly shows the top eight lobes in the piezoelectric po- 
tential, with an equal number of lobes (with opposite 
sign) directly beneath the ring, two of which can be seen 
at the front edge. The larger lobes, on the outer edge of 
the ring, resemble the piezoelectric potential found in a 
quantum dot; the majority of the field sits outside of the 
structure. The extra, smaller lobes within the GaAs core, 
which sit directly above and below the quantum ring and 
penetrate the structure, are not found in dots. These ex- 
tra lobes have a significant effect on the quantum ring's 
electronic structure. 

An electric field in the vertical growth direction ([001]), 
perpendicular to the plane of the ring, polarizes the ex- 
citon in the growth direction, Fig. [2j The vertically po- 
larized excitons are attracted to the smaller piezoelectric 
potential lobes in the GaAs core (Fig. [I]) that align with 
the induced excitonic dipole. Changing the direction of 
the vertical electric field will cause either the [110] or [110] 
direction to be lower in energy, while the other diagonal 
higher in energy. This switching of the lateral localiza- 
tion with a changing of the vertical electric field direction 
can be seen in Fig. [2fa) and (c), which shows how the 
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FIG. 3. (a) Lateral Polarizability of exciton and biexciton in 
the [110] and [110] direction against applied vertical electric 
field. Inset shows mean hole probability distribution for -80 
kV/cm and +80kV/cm, with arrow indicating direction of 
strongest polarizability. (b) PL shift vs. vertical field with a 
lateral field of 20 kV/cm, with average parabolic shift removed 
for clarity. 
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FIG. 2. Vertical dipole, p z , for different vertical applied elec- 
tric fields, shows changing of sign, and permanent dipole at 
zero field. Insets (a), (b) and (c) show mean electron proba- 
bility distribution for -80kV/cm, and 80kV/cm and demon- 
strates switching of the exciton around ring by changing sign 
of vertical field 



mean electron probability distribution aligns along either 
[110] or [110] depending on the sign of the field. 

Observable effect on the lateral polarizability — This 
switching should be experimentally visible by examining 
the in plane polarizability of the exciton and biexciton in 
the ring. As the vertical electric field is applied and the 
exciton localizes into the appropriate nodes as in Fig. [2] 
(a) and Fig. [2](c), there is a significant change in the po- 
larizability of the complex. For example, a positive field 
causes the exciton to localize in the [110] direction, result- 
ing in an increase in the lateral polarizability tangential 
to the direction of confinement — the [110] direction — as 
seen in Fig. [3l A negative field causes a larger polariz- 
ability in the [110] direction. 

From our electron-hole correlation data (not shown) 
we can see that throughout the switching of the applied 
vertical electric field the exciton stays bound, an increase 
in the field merely increases the separation between the 
electron and hole, increasing the vertical dipole as in Fig. 
[2] as such the dipole can also be used as a experimental 
observable in conjunction with the polarizability e.g. it's 
effect on altering the recombination lifetime^ Due to 
the piezoelectric potential inverting its sign every 90°, 
the applied fields will not only align the exciton along 
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FIG. 4. Pair Correlation Function (PCF) in a biexciton under 
various vertical electric fields, showing the partial dissociation 
of the biexciton into two excitons. 



Relation to QCA — While the geometry of the exci- 
ton and biexciton localization and switching behavior are 
reminiscent of electrons in four-dot QCA cells, the exci- 
tons are neutral objects. Interactions between quantum 
rings, which are necessary for QCA circuits^ are dipole- 
dipole, hence very weak and only effective at low temper- 
ature, perhaps in quantum information processing. 24 

Summary — In conclusion, we have shown that it is pos- 
sible to gain an extra degree of freedom via the lateral 
control of an exciton complex in a quantum ring nanos- 
tructure by exploiting its unusual inbuilt piezoelectric 
field, and through the application of an external verti- 
cally applied electric field. We also suggest how this 
may be experimentally detected through polarizability 
and dipole measurements. 

P.G.M and I.G. acknowledge funding from EPSRC, 
Carnegie Trust, J.S from the NSF DMR 02-39819. 



different diagonals with a switch in field direction but 
also 



be accompanied by a change in the direction of the 
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closer together with a stronger field, this higher energy 
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